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Deoxyribonucleic acid based gel solid electrolytes were prepared and their electric properties were characterized. Their ionic conductivity is in the range of 10
À4
-10 À5 S/cm at room temperature and increases linearly in function of temperature, obeying an Arrhenius-like relationship. The present study, combined with the literature data, suggests that the electrical conduction mechanism in these membranes involve ion motion and/or charge hopping, promoted most likely by a significant interaction between the membrane components. The good conductivity results, as found here, together with the good transparency and good adhesion to the electrodes show that the DNA-based gel polymer electrolytes are very promising materials for application in various electrochromic devices. The natural polymers and macromolecules such as polysaccharides, gelatin, and DNA have attracted recently a significant attention of the scientific community by their interesting electrical and structural properties. In 1999, Fink and Schonenberger 1 discovered that the transport of electric current by DNA is as efficient as in a good semiconductor. Shimomura et al. 2 reported that intercalation of some dyes in Langmuir-Blodgett films of DNA also leads to obtaining materials with good photoconducting properties. Hagen et al.
3 fabricated organic light emitting diodes (OLEDs) based on a surfactant (CTMA) modified DNA, they called BIOLEDs. The DNA-CTMA complex is soluble in organic solvents and insoluble in water, the only solvent of DNA. Last year Nakamura et al. 4 reported fabrication of a DNA based BIOLED, whose emission wavelength can be tuned by the operation voltage. As luminophor they used Ru(bipy) 3 2þ compound, embedded in DNA, blended with polyaniline. BIOLED exhibits a large wavelength emission spectrum, which can be tuned with the operating voltage.
These results feedback into investigations of the optical properties of these materials, and how the molecules can be engineered to create a new class of designed biomaterials. Apart from their potential relevance to biology, the study of these systems has revealed new physical phenomena characteristic of the highly-fluctuating micro and nano world. An important breakthrough in DNA science, making practical applications possible, was the synthesis of excellent opticalquality thin films of DNA by Ogata's group in Japan 5-7 and by U.S. Air Force researchers at Wright Patterson Labs. 8 However, the assessment of these applications requires fundamental studies on DNA in solid state, where its behavior is expected to be different than in solution.
As discovered by Crick and Watson in 1954, 9 the DNA structure is composed of four nucleobases, called also nucleotides: adenine, thymine, guanine, and cytosine. They are arranged in pairs by hydrogen bonds and stack along a macromolecular double strand helix, forming the DNA backbone. The backbone is made of alternate sugar and phosphate groups, joined internally by ester bonds. As the outside groups are phosphates, the DNA macromolecule presents a net negative charge compensated by the nonlocalized counterions, which are the sodium (Na þ ) cations. These cations can move freely along the macromolecular surface chain. 10 The polyelectrolyte properties of DNA are more pronounced when dissolved in water because of presence of mobile bulk ions, some of them forming condensed and diffuse counterions. 11 As the DNA is water soluble, it is possible to obtain the samples in the thin film form by solution casting technique. It has been already shown that DNA can be plasticized with glycerol, resulting in transparent membranes with good ion conducting and material processing properties. 12 The present study reports the results of electrical measurements, done in terms of impedance, phase angle, conductivity, and capacitance measurements and performed on DNA-based gel electrolytes membranes.
II. EXPERIMENT
The electrolytes were prepared by the dispersion of salmon sperm-DNA (0.2-0.5 g; Ogata Research Laboratory, Japan) in 15 mL of water and heated under magnetic stirring for a few minutes and up to 50 C for a complete dissolution. composition of the samples is given in Table I . The obtained viscous solutions were cooled down to 30 C, and then poured on Petri plates to form transparent electrolyte membranes. The electrical measurements were carried out on disk-shaped pieces of 1.4 cm in diameter and 0.068-0.078 cm in thickness, pressed between two stainless steel electrodes. The system was installed in a glass cell under vacuum. The measurements were performed at several temperatures with Solartron 1260 apparatus, applying a voltage of 5 mV rms amplitude in the frequency range of f ¼ 10 mHz to 5 MHz. The data were recorded in terms of complex im-
. From these data a valuable information on phase angle, conductivity and complex capacitance was extracted, as described in this paper.
III. RESULTS
In Figs. 1(a) and (b) are shown, as representative examples, the frequency dependent spectra of the real (Z 0 ) and imaginary (Z 00 ) parts of impedance, measured at several temperatures, for the DNA-based S3 and S4 membranes, respectively. From the qualitative viewpoint, all the studied here samples show similar dependence of impedance on frequency. It involves clear data dispersion toward the low frequencies and impedance relaxation toward the high frequencies. For each isothermal data set, the impedance relaxation is characterized by occurrence of a dielectric peak for Z 00 , localized at the 0.8 to 2 MHz range, and a frequency dispersion of Z 0 ending, from high to low frequencies, with a frequency-independent plateau toward the intermediate frequency region: $4 to 200 kHz. Basing on the fact that
, where jZj is the impedance modulus, and h is the phase angle obeing tan(h) ¼ Z 00 /Z 0 , the presentation of the impedance data in literature is done often in terms of jZj and/or the phase angle h. 13 As jZj normally reproduces the behavior of Z 0 , we have chosen to present in Figs. 2(a) and (b) only the frequency dispersion of the phase angle measured at several temperatures for the DNA-based S3 and S4 membranes, respectively. In both cases the angle (h) tends to zero through an intermediate frequency region, where Z 0 shows also a frequency-independent plateau, similarly as in the previous case (cf. Figs. 1(a) and (b) and the associated discussion). Therefore, this frequency range can be identified as that in which the impedance responses of these membranes are basically resistive in nature. 13 Far above and, especially below this frequency region, the phase angle diverges remarkably from zero, a fact that should involve capacitive contribution from the polarization processes, to which it ideally corresponds (Debye-like model), values of h ¼ À 90
. 13 In terms of observations, our results are similar to those obtained by Munichandraiah et al.
14 for samples of hybrid solid polymer electrolytes based on poly(ethylene oxide), poly(acrylonitrile), propylene, and ethylene carbonates and LiClO 4 measured with stainless blocking electrodes.
Another common formalism used to represent the impedance data of materials, particularly when the conducting processes are involved, are the Nyquist plots, as illustrated in Fig. 3 for the DNA-based S4 membrane, measured at several temperatures. The results are qualitatively similar to those for other membranes studied here. Figure 3 shows appearance of an impedance semicircle at high frequencies, followed by a spike-like response at low frequencies. The frequency region of semicircle manifestation coincides with that of the impedance relaxation in Fig. 1 . According to the literature, such a semicircle-like impedance response can be simulated by an equivalent circuit consisting, ideally, of a parallel resistance-capacitance (R-C) arrangement. In practice, accordingly, the value of resistance basically reduces to the diameter of the corresponding impedance semicircle. 13, 15 As expected from conductive processes in dielectric-like materials, the resistance-related semicircle diameter in Fig. 3 decreases with the increasing temperature. In Nyquist plots, ) moreover, occurrence of a spike-like behavior of impedance, as seen in Fig. 3 toward low frequencies, can be also simulated by a parallel R-C arrangement, but involving a remarkably high resistance value, exceeding most likely the sensibility limit of the measuring impedance apparatus. This observation agrees entirely with the strongly capacitive response revealed in Figs. 2(a) and (b) by the phase angle variation when approaching the low frequency regime. A very interesting fact takes place when processing and interpreting dielectric data from materials through the impedance spectroscopy. The order magnitude of the capacitance elements, involved in the whole equivalent circuit representing the material, irrespective of its physico-chemical nature, may be used to identify the origin (e.g., bulk matrix or interface) of the observed dielectric response. 13, 15 Alternatively, in theory, such an analysis may be also performed when looking directly at the frequency spectra of capacitance of the material under study. The mathematical relationship between the complex capacitance and the impedance is well known to follow the expression
. It allows to convert one to another one formalism for data representation and analysis. For illustration, Figs. 4(a) and (b) show the frequency spectra of the real (C 0 ) and imaginary (C 00 ) parts of the capacitance corresponding, respectively, to the DNAbased S3 and S4 membranes. The measurements were carried out at several temperatures. The spectra are characterized by a frequency dispersion of capacitance, with a pronounced trend of C 0 to reach stable values approaching the capacitance of 5 to 9 Â 10 À11 F at high frequencies, and 1 to 5 Â 10 À5 F, at low frequencies. In a study by Sun et al. dielectric dynamics of DNA solutions (DNA samples dispersed into de-ionized water), the authors reported the frequency spectra of capacitance (converted into dielectric permittivity) consisting rather of a multiple than a single frequency dispersion process, showing occurrence of C 00 peaks. Irrespectively of some similarity with the present work on DNA samples matrix, the above mentioned study of Sun et al.
11 was conducted at lower temperatures, where the thermally-assisted high-conductivity processes can be prevented. That is, the DNA solutions, including glycerol plasticized DNA membranes, are highly conductive and, hence, the relaxation processes (not clearly resolved here in the C 00 data), even in the gel state if any, can be masked by a highconductivity. It involves, in some cases, a long-range motion of non-localized and/or localized charge carries.
Back to the results depicted in Figs. 4(a) and (b), and following the criteria on the order of magnitude of capacitance; established in literature, 13, 15 the above capacitance plateau-related C 0 values on the order of 10 À11 and 10 À5 F can be here associated, respectively, with the high-frequency bulk DNA matrix behavior and the low-frequency materialelectrode interface polarization processes. In particular, the low-frequency C 0 values for the LiClO 4 -containing membranes were mostly, in average, somewhat higher than those for the LiClO 4 -free ones (with comparable geometrical factor), especially toward the lower measurement temperatures. This suggests that glycerol, used as plasticizer, should in some way participate in the dissociation of the salt ions that are finally accumulated at the sample-electrode interface, as it was proposed also elsewhere. 16 In any case, as generally found in literature, 13, 15 the dielectric characterization of the inner response from these DNA-based membranes should absolutely concentrate on the high-frequency region.
After such identification, the values of the inner resistance associated with the strength of the electrical transport processes through the studied membranes were then extracted from fitting the high-frequency semicircle-related impedance data measured in these materials, as presented above in Fig. 3 for the S4 membrane. In fact, the values which were estimated by these means reproduced well the impedance values corresponding to the frequency-independent plateaus of Z 0 toward intermediate frequencies, like observed in Fig. 1 for both S3 and S4 membranes. The fitted values are shown in Fig. 5 , for the all DNA-based membranes studied here. It is done in term of Arrhenius-like plots of conductivity (r), recalculated from resistance and considering sample dimensions: r ¼ L/R, where L is the sample geometrical factor. As it is seen from this figure linear behaviors are observed, suggesting that each set of data may be interpreted using, for instance, a simple relation of the type: r ¼ r o exp(ÀDE/kT), where r o is the pre-exponential factor, DE the activation energy associated with the charge carriers mobility, k is the Boltzmann's constant, and T is the absolute temperature. The calculated values of DE for all studied membranes, using the above relation are illustrated in Fig. 6 , together with the values of conductivity found in these materials at about 30 C. One observes that the membranes with the highest DNA quantity, combined with the presence of lithium salt (S4 and S5 samples), exhibit the highest ionic conductivities, when compared with the samples containing a low amount of DNA and no salt. This observation is valid over the whole measurement temperature range explored here, i.e., from room temperature to about 80 C (Fig. 5 ).
Considering the fact that the relatively high conductivities were observed in the present study, one can conclude that the plasticized DNA-based membranes are gel electrolytes (e.g., S1 sample), with the ion transport taking probably place through the plasticizer phase, while the macromolecular backbone serves as a membrane forming agent. In literature, there is a general agreement that the presence of the plasticizer promotes normally an increase in ionic mobility (associated with the requirement of less energy for ions migration), leading to observation of an enhanced ionic conductivity. 17 To explain it a contribution of the polymer chain movement to ions displacement was proposed. 17 This contribution is related to the free volume of the polymer chain, which should increase when adding the plasticizer. As the size of this free volume becomes larger, the mobility of the C, for all DNA-based S1 to S5 membranes studied in this work.
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Firmino et al. J. Appl. Phys. 110, 033704 (2011) polymeric chains increases to the point of improving the ion transport. 18 Here, in particular, the LiClO 4 -free DNA-based membranes (S1 and S3 samples) should use their own active charge carriers to promote the ion conduction. The increase of conductivity by addition of LiClO 4 (S2, S4, and S5 samples) should be accounted for by an increase in charge carrier concentration (if comparing S1 with S2 data in Table I and Fig. 6 ) and, especially, a remarkable DNA-assisted decrease of the energy barrier DE for ion transport through the membranes (compare S1 and/or S2 with S4 and S5 data in Table I and Fig. 6 ). Important, notice that this DE drop manifests patently with the increase of DNA and in the presence of the LiClO 4 salt. It suggests the development of a seeminglystrong interaction between these two components when the content of DNA increases. This interaction should prevent, at least partially, the polymer chain-like movements. This fact that may explain observation in Fig. 5 of rather Arrhenius-like than Vogel Tamman Fulcher-or William Landel Ferry-type behaviors 17 for the ionic conductivities of all these membranes. Obviously, the observed behavior of the conductivity, also for the lithium salt-free S1 and S3 membranes, should favor, as we have well presupposed it, development of an interaction somewhat significant between the DNA macromolecule and the glycerol plasticizer. In any case, the applicability of an Arrhenius-type model for the conductivity suggests the predominance of the ions motion or of the hopping mechanism in the electrical transport process through such systems. 19 
IV. CONCLUSIONS
In summary, the paper describes the preparation of self standing DNA-based electrolyte membranes. The membranes were characterized in terms of frequency, temperature, and composition dependences of dielectric properties. The materials show a clear trend to increase their conductivity in the presence of glycerol plasticizer and LiClO 4 salt. Besides the fact of involving an increase of charge carriers, this result also engrossed a remarkable decrease of energy barrier, for ion migration through the membranes, when the DNA content was in parallel sensibly increased. Because of showing an Arrhenius-like behavior with temperature, the electrical transport process was here proposed to be basically dominated by motion or hopping of the charge carriers, leaving in second plan, if any, contribution from plasticizer-associated free volume effects. This work clearly supports the observation according to which the DNA-based electrolyte membranes require a close optimization, in terms of the relative content of integrating components, in order to produce highly conducting electrolyte materials.
The presented and discussed polymer electrolyte membranes can find numerous practical applications in electrochromic cells. Their use in smart windows was described in our preceding paper. 12 They can be also used in photovoltaic Grätzel cells for solar energy conversion. They are cheap, made principally of waste material, and their principal advantage is the ease in processing and operation is that they are solid, in contrary to the previously used liquid cells.
